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The  vortex  meiVing  in  a  mixing  layer  can  be  modi¬ 
fied  by  applying  periodic  forcing  at  the  origin.  When 
the  forcing  parameters  (frequency,  amplitude  as  well 
as  phase  difference  between  fundamental  and  subhar- 
monic)  varies,  the  pattern  of  vortex  merging  changes. 
Consequently,  the  spreading  rate  of  the  mixing  layer 
can  be  manipulated.  The  effect  of  each  forcing  para¬ 
meter  on  the  change  in  the  spreading  rate  is  discussed 
in  the  present  paper. 

NOMENCLATURE 

E  (f)  -  Integrated  value  of  U1  (f)  across  the  mixing 
layer 

f<_  -  most  amplified  frequency 
ff  -  forcing  frequency 
■r  -  response  frequency 
R  -  velocity  ratio  R= (U j  -  U2)/(U|  +  U2) 

Uj  -  mean  velocity-at  high  speed  side  U|  «  8.5  cm/sec 
U2  -  mean  velocity  at_low  speed  side  U 2  «  1.32  cm/sec 
U  -  average  velocity  U  *  (U  +  U  )/2 
U ( f )  -  narrow  band  streamwise  energy  content 
U1 (f)  -  U1 (f)  =  U  (f)/U 

®o  -  initial  momentum  thickness  0  “  0.116  cm 

9  -  momentum  thickness  ’ 

(3-  phase  difference  between  subharmonic  and  funda¬ 
mental 

7\-  initial  instabi  I  ity  wavelength 
Introduction 

While  a  mixing  layer  is  under  external  forcing, 
the  formation  and  merging  of  coherent  structures  are 
localized.  The  role  of  coherent  structures  in  the 
dynamics  of  a  mixing  layer  can  be  easily  examined 
because  the  randomness  is  removed.  In  addition, 
physical  insight  into  the  vortex  merging  process  can 
be  explored  by  varying  the  forcing  parameters.  The 
spreading  of  a  mixing  layer  is  caused  by  the  merging 
of  vortices  (I).  Therefore,  the  spreading  rate  can 
be  manipulated  by  modifying  the  vortex  merging.  This 
is  important  in  many  technical  applications.  In  the 
case  of  combustion,  larger  spreading  means  higher  en¬ 
trainment  (2)  and  better  chemical  react  ion  efficiency . 
When  the  vortex  merging  is  modified,  the  far  field 
noise  radiation  is  also  significantly  changed  (3) • 

The  initial  formation  and  merging  of  the  vortices 
are  governed  by  the  stability  process  of  the  mixing 
layer  (A, 5).  The  instability  behaves  like  a  band 
pass  filter  (6,7)  which  amplifies  perturbations  In  a 
band  of  preferred  frequencies  and  damps  perturbations 
outside  this  band.  The  effective  forcing  frequency 
should  be  close  to  the  most  amplified  frequency,  so 


that  the  low  level  perturbations  can  be  easily  ampli¬ 
fied  and  eventually  modify  the  development  of  the 
mixing  layer  (5).  Furthermore,  the  vortices,  not  the 
random  small  scale  turbulence  are  to  be  controlled. 
Therefore,  the  effective  forcing  function  should  be 
spatially  and  temporally  coherent.  There  is  an  infin¬ 
ite  number  of  possible  coherent  and  periodic  wave 
forms  that  can  be  applied  to  force  the  nixing  layer, 
but  the  band  pass  filtering  characteristics  usually 
select  a  few  frequency  components  and  their  harmonics 
from  the  forcing  waves.  For  example,  if  a  pulse  tra'r, 
is  used,  the  mixing  layer  will  only  respond  to  the  har¬ 
monics  close  to  the  most  amplified  frequency,  hence, 
we  will  limit  our  discussion  to  the  sinusoidal  pertur¬ 
bations  or  sinusoidal  waves  with  its  harmonics  and  sub¬ 
harmonics. 

EXPERIMENTAL  FACILITIES 

The  experiment  was  performed  in  a  water  channel 
with  a  10  cm  wide,  10  cm  high  and  180  cm  long  test 
section  (Fig.  I). 
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Fig  I  Water  channel 

The  stagnation  chamber  is  separated  into  two  compart¬ 
ments.  The  splitter  plate  ends  with  a  sharp  trailing 
edge  at  the  beginning  of  the  test  section.  Two  supply 
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pipes  control  the  mean  flow  rate  with  flow  meters 
(Fisher  Porter  Type  IOA3565AY)  In  two  streams.  Anot¬ 
her  two  supply  pipes  provide  the  perturbations  by  us¬ 
ing,  butterfly  valves.  While  the  effect  of  the  frequency 
is  studied,  both  butterf+y  valves  rotate  at  the  same 
frequency.  The  outpot'fs  fed  into  each  compartment. 
While  the  effect"  of  the  phase  difference  is  studied, 
one  butterfly  vai-ve.  -.rotates  at  exactly  half  of  the 
frequency  of  the  other  valve.  The  output  of  both  of 
the  pipes  are  fed  into  the  high  speed  compartment. 

At  this  point,  both”the  fundamental  and  the  subhar¬ 
monic  are  provided  bythe  forcing.  The  phase  differ¬ 
ence  between  the  fundamental  and  the  subharmonic  are 
varied  by  chartg-ing  the  angle  of  the  two  blades  in  the 
butterfly  valves.  The  phase  difference,  ,  is  def¬ 
ined  as  the  angle  of  the  fundamental  led  by  the  sub- 
harmonic.  The  amplitude  of  the  forcing  is  adjusted 
by  two  flow  meters  located  downstream  of  the  butter¬ 
fly  va I ves . 

The  velocity  is  measured  by  a  hot-fi Im  probe 
(TSI-TYPE  1210)  and  vIsu’Tlaed  by  food  coloring.  Data 
are  recorded  on  an  analog,  tape  recorder  (HP  TYPE  lObOA) 
and  then  d ig i t ized“Snd  processed  on  a  POP  11/55  com¬ 
puter. 

THE  FORCING  FREQUENCY 

The-response  of  a  mixing  layer  under  perturbations 
of  a  wide  range-tif  forcing  frequencies  was  studied 
and  reported  on  in  a'separate  paper.  The  results  are 
summarizq^^s  follows:  when  the  mixing  layer  was 
forced  a^The  frequency  ff,  one  of  the  harmonics  of 
the  forcing  frequency  wasclose  to  the  most  amplified 
frequency  and  amplified  very  quickly.  Downstream 
from  the  splitter  plate,  the  vortices  evolved  from 
the  stability  waves  and  formed  at  the  specific  har¬ 
monic  fr.  When  the  forcing  frequency  changed  from 
higher  than  to  mucK  lower  than  the  most  amplified 
frequency,  the  response  frequency  formed  four  frequen¬ 
cy  stages,  modes,  in  the  present  experiment.  At  each 
frequency  stage,  the  forcing. frequency  is  the  Mth  siJbharmonic 
of  f.  and  there  were'M  vortices  in  each  subharmonic 
wavelength. ~ Further  downstream,  the  subharmonic  am¬ 
plifies  and  laterally  displaces  the  M  vortices.  Due 
to  the  lateral  velocity  gradient  and  mutual  induction, 
M  vortices  will  eventually  merge  into  a  single  coher¬ 
ent  structure.  .A  very  large  spreading  has  been  achie¬ 
ved.  In  the  same  frequency  stage.  If  the  mixing  layer 
was  forced'at  a  higher  frequency,  a  thinner  initial 
mixing  layer  and  earlier  vortex  merging  were  observed 
(5).  When  the  mixing  layer  was  forced  near  the  most 
amplified  frequency,  the  vortices  formed  at  equal  dis¬ 
tances  and  strengths.  The  subharmonic  is  suppressed 
and  thw  vortex  merging  is  significantly  delayed  (5). 
Apparently,  the  subharmonic  is  an  essential  catalyst 
in  order  for  vortex  merging  to  occur.  Vortex  merging 
is  caused  by  the  interaction  between  the  fundamental 
frequency,  fr,  and  the  Mth  subharmonic  frequency,  ff. 
The  forcing  level  required  In  the  multiple  vortex 
merging  is  very  low,  0.01%  to  0.\%  of  U,  because  the 
amplification  of  the  subharmonic  is  via  the  instabi¬ 
lity.  Only  a  very  small  amount  of  "seed"  energy  Is 
needed. 

Multiple  vortex  Ineryings  are  also  observed  in 
jets  under  forcing  conditions  (2,8).  From  dye  visuali¬ 
zation,  the  entrainment  is  seen  to  be  closely  related 
to  the  merging  process  (2). 


When  the  forcing  frequency  is  very  low,  (say 
about  one  tenth  of  fr) ,  a  great  many  vortices  dan 'co¬ 
alesce,  if  the  forcing  Amplitude  is  high’.  This  phen¬ 
omenon  is  termed  "col lective  Interact  ion"' fj;9) .  Thi s  ' 
mechanism  was  found  to  be  an  important  link  in  the 
phase  locked  feedback  loop  of  a  resonant'1  t-olnging  jet. 
Two  characteris t i cs  associated  with  the  collective  in¬ 
teraction  are  a  large  spreading  rate  and  a  sharp  drop 
in  the  passage  frequency. 

A  very  large  spreading  rate  occurs  when  the  mixing 
layer  is  forced  by  a  flap  oscillating  at- a  frequency 
much  lower  than  the  most  amplified  frequency  (10). 

The  large  spread  should  be  the  consequence  of  the  col¬ 
lective  interaction  mechanism. 
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SUBHARMONIC  AND  VORTEX  MERGING 

The  vortex  merging  can  be  either  enhanced  by  pro¬ 
viding  subharmonic  forcing  or  delayed  by  suppressing 
the  subharmonic.  The  merging  process  should  be  related 
to  the  amplification  of  the  subharmonic.  It  has  been 
observed  (5)  that  the  two  vortices  become  vertically 
aligned  at  the  location  ^here  the  amplifying  subhar¬ 
monic  reaches  its  peak  (Fig.  2). 


VORTEX  MERGING 


Fig.  2  The  location  of  vortex  merging 

At  the  sa-e  location,  the  thickness  of  the  mixing  'ayer 
stops  growing  until  further  merging  takes  place.  Basec 
upon  these  features,  we  define  this  specific  location 
as  the  position  of  vortex  merging.  Furthermore,  the 
position  of  vortex  merging  is  found  to  occur  at  an  in¬ 
teger  number  of  instability  wavelengths  (5J.  This  re¬ 
sult  supports  the  conclusion  that  the  global  feedback 
mechanisn  plays  an  important  role  in  determining  the 
location  of  vortex  merging  (9,11,12).  The  exact  num¬ 
ber  o!  instability  wavelengths  needed  to  accompli  s'*  a 
merging  is  inversely  proportional  to  the  velocity 
ratio  or  to  the  maximum  amplification  rate  (15).  her:e. 
the  location  of  vortex  merging  is  also  controlled  by 
the  tocel  stability  process. 


THE  PHASE  DIFFERENCE 

Prom. analytical  studies  (13)  and  numerical  exper¬ 
iments,  (14,15)  it  has  been  realized  that  the  phase 
difference  between  the  fundamental  and  the  subharmonic 
can  greatly  change  the  energy  transfer  between  the  two 
frequencies.  The  pattern  of  vortex  merging  is  conse¬ 
quently  different.  The  evolution  of  the  vortices  can 
change  from  merging  to  shredding  (14,15)  as  a  function 
of  the  phase  angle.  In  the  laboratory  experiment, 
significantly  different  merging  patterns  were  observed 
in  the  cases  where  merging  involved  three  and  four 
vortices,  due  to  the  phase  difference. 

At  present,  the  phase  difference  can  be  controlled 
by  varying  the  angle  between  the  two  blades  of  the 
butterfly  valves.  The  ampl i f icat ion  of  the  subharmonic 
and  fundamental  are  measured  and  visualization 

experiments  are  also  performed. 

While  P  is  in  the  first  two  quadrants,  the  for¬ 
mation  of  the  vortices  and  the  position  of  the  merging 
are  fairly  localized.  Q  r  90°  seems  to  be  the  opti¬ 
mal  condition  for  localizing  the  merging.  Similar 
results  have  been  found  in  the  numerical  simulation 
(15).  While  ft  is  found  in  both  the  third  and  fourth 
quadrants,  significant  randomness  of  vortex  mergings 
are  observed.  However,  the  vortex  shredding  is  rarely 
obseved.  Perhaps  this  is  because  the  shredding  mode 
is  itself  very  unstable.  A  small  amount  of  noise  at 
the  subharmonic  frequency  is  significant  enough  to 
change  the  phase  angle  and  results  in  a  merging  in¬ 
stead  of  a  shredding. 

Two  cases  with  /ft  «  90°  and  270°  have  been  quan¬ 
titatively  studied.  The  narrow  band  streamwise  ener¬ 
gy  contents,  U  (f),  were  measured  across  the  mixing 
layer  at  many  downstream  locations.  The  normalized 
values  of  U  (f)  are  integrated  across  the  layer. 
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and  plotted  as  a  function  of  distance  (Figs.  3  and  4). 
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Fig.  4  The  amplification  of  E  (f)  fi  «  98° 

The  amplification  rates  of  the  fundamental  at  both 
phase  angles  have  the  same  value  which  agrees  well 
with  the  inviscid  stability  analysis  (7).  The  ampli¬ 
fication  rates  of  the  subharnonic  are  quite  different 
in  two  cases.  While  ft  ■  90°,  the  vortex  merging  is 
optimally  localized,  and  the  ar,pl  i  f  ication  rate  of 
the  subharmonic  can  be  the  same  as  that  of  the  fundar 
mental.  While  /3  =  270°,  the  vortex  merging  is  not 
localized  and  the  amplification  rate  is  significantly 
reduced.  Apparently,  the  amplification  rate  is  a 
fairly  strong  function  of  the  phase  difference.  The 
profiles  of  11’  (f)  at  several  streamwise  locations  are 
plotted  (Fig.  5,6).  Near  the  trailing  edge,  where  the 
amplitude  Is  low,  x  «  I  cm, and  downstream  where  the 
amplitude  is  high,  x  »  5  cm,  the  profiles  always 
keeping  a  two  peak  characteristic  as  is  predicted  by 
the  stability  theory.  The  patterns  of  the  profiles 
change  quite  a  bit  after  the  fundamental  or  subharmonic 
reach  their  peak  (Fig.  6). 
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Fig.  3  The  anpl  If  ication  of  E  •  (f)  £-  270° 


Fig.  5  The  profiles  of  U*  (f)  (3 -  90° 
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Fig.  6  The  profiles  of  U‘  (f)  fi *  90° 

Even  larger  changes  have  been  observed  further  down¬ 
stream. 

THE  FORCING  AMPLITUDE 

In  visualization  experiments,  the  position  of 
vortex  merging  moves  upstream  with  increasing 
forcing  ampl  i tude -_Thi s  general  trend  is  in  line 
with  the  results  discussed  in  Figure  3.  because  the 
subharmonic  will  reach  its  peak  sooner  with  a  higher 
initial  forcing  amplitude.  However,  not  enough  quan¬ 
titative  experiments  have  been  performed  in  studying 
this  aspect.  Several  basic  questions  need  to  be  veri¬ 
fied;  does  the  peak  value  of  E  (f)  change  with  the 
forcing  level?  Does  the  gain  in  amplification  vary 
with  the  forcing  level?  If  these  questions  can  be 
answered,  the  effect  of  the  forcing  amplitude  on  vor¬ 
tex  merging  can  be  deduced  by  the  following  discussion 
of  Figure  3- 

For  fundamental  waves  in  a  forced  jet,  the  peak 
values  of  E  (f)  change  with  the  forcing  level  (16). 

The  gain  in  amplification  is  constant  for  low  forcing 
levels,  but  not  for  high  forcing  levels.  For  the  sub¬ 
harmonic  in  a  forced  jet  (2),  the  peak  values  of  E  (f) 
seem  not  to  stay  constant.  Furthermore,  the  results 
in  Figures  A  and  $  show  that  the  gain  also  varies  with 
the  phase  angle.  This  experimental  evidence  answers 
part  of  the  questions,  but  more  experiments  are  defi- 
nately  needed  In  order  to  study  the  effect  of  the 
forcing  amplitude.  However,  we  should  be  aware  that 
if  the  range  of  the  forcing  amplitude  is  limited  to 
low  levels,  the  location  of  merging  should  not  be  sig¬ 
nificantly  changed.  The  amplification  gained  is  very 
large  within  one  wavelength,  a  small  function  varia¬ 
tion  of  the  initial  forcing  amplitude  should  not  ad¬ 
vance  or  delay  the  position  of  merging  very  much  as 
compared  with  one  wavelength. 

CONCLUSION 

The  pattern  of  vortex  merging  can  be  modified  by 
applying  a  coherent  forcing  function  to  the  mixing 
layer.  The  variation  of  parameters  of  the  forcing 
function  does  alter  the  vortex  merging.  While  the 


Nth  subharmonic  of  the  most  a-piifijp  frequency  Is 
provided  in  the  mixing  layer,  M  vort'ces  can  merge 
simultaneously  which  results  ir  a  !»-pe  spreading 
rate.  Some  preliminary  results  s-o.  tnat  tne  ampli¬ 
fication  rate  of  the  subharrc-i;  c‘-a-:es  with  the 
phase  angle  between  the  s.;*-2--c-'p  a-:  f,-danental 
to  a  large  extent,  but  t-e  a-t ' ' *  I  cat 'on  -ates  of  the 
fundamental  stays  constant.  Ve  pattern  pf  vortex 
merging  is  observed  to  change  »itn  :*e  phase  angle. 
With  higher  forcing  amplitudes,  the  position  of  vor¬ 
tex  merging  was  observed  to  rove  upstream.  More  quan¬ 
titative  studies  are  needed  in  order  to  better  under¬ 
stand  the  effects  of  the  forc'r?  ie.el.  Spwever, 
large  effects  on  the  merging  Ipcatio-  is  expected 
only  if  the  forcing  leve’  Is  */t"e's'.  his?. 
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